Abstract-A new smart interface based on a first-order chargebalanced SC-oscillator is presented for capacitive sensors, which are shunted by a parasitic conductance. In the novel interface, the effect of shunting conductance is reduced by using the charge/discharge method. The effect of the stray capacitances is eliminated by using the two-port measurement. Moreover, all multiplicative and additive errors of the interface are also eliminated by using the auto-calibration technique and the chopping technique.
I. INTRODUCTION
C APACITIVE sensors can be used in various applications, such as those that measure the position, speed and acceleration of moving objects, force, pressure, liquid levels, dielectric properties, and flow materials. A main drawback of capacitive sensors is their sensitivity to pollution and condensation, which can cause a serious reliability problem. For instance, the measurement system for capacitive sensors based on a modified Martin oscillator [1] - [3] offers a relatively high resolution. Moreover, a very low baseline drift has been obtained by means of the auto-calibration technique called the three-signal method [4] . However, these capacitive measurement systems cannot accurately measure the capacitance in the presence of shunting conductance.
In [6] , a capacitive-sensor interface was presented to eliminate the shunting conductance effect by performing a series of eight measurements and using an auto-calibration technique. However, a long measurement time (400 ms) is required to measure the capacitance.
In [5] , a capacitive interface based on the charge/discharge method has been presented. That paper shows that the shunting conductance effect can be reduced when semiconductor switches with low ON resistance and fast commutation time are used to control the charge and discharge of the capacitive sensor.
In this paper, a new smart interface is proposed for capacitive sensors that are shunted by parasitic conductance. The novel interface is designed based on a first-order charge-balanced SC-oscillator. asitic capacitances and . The capacitor is the sensing capacitor. In most applications, the values of these parasitics are application dependent and not very stable. Therefore, the influence of these parasitics should be eliminated or significantly reduced. One can reduce the effect of the two parasitic capacitances and by applying a two-port measurement technique [6] - [8] . The effect of the shunting conductance can be reduced by applying the following measurement method. Fig. 2 shows a simplified schematic diagram of the interface for capacitive sensors. An amplifier, a comparator, the capacitances , and a controlled current source form a basic relaxation oscillator.
II. MEASUREMENT CONCEPT AND NEW INTERFACE
is a signal source to charge the measured capacitor.
The relaxation oscillator converts the charge from capacitors, and , into the period-modulated output signal. To perform the measurement of the capacitance , two cycles are required: the charging cycle and the discharge cycle. 
where is the peak-to-peak value of the comparator output voltage and is the modulus of the value of the charge/discharge current . During the discharging cycle [see Fig. 3(b) ], one terminal of the measured capacitor is connected to ground by the switch . The switch connects the other terminal to the input of the integrator that is at virtual ground potential. At the moment of [see Fig. 3(c) ], together with the charge over , the charge in the capacitor is completely transferred into the integrator via the switch .
In the ideal case, because there is no voltage drop across and during the discharge cycle, the shunting conductance will not affect the charge-to-time interval conversion in the oscillator. In this cycle, the oscillator converts the charge from the capacitor and capacitor into a time interval (see Fig. 3(c) ). The value of is given by (2) where is the modulus of the value of the excitation signal . The period of the output signal of the oscillator is presented by (3) As compared to circuits earlier presented in [6] , the improvement is achieved by removing the dc biasing voltage across , which eliminates the effect of undesired discharging of . In practice, a small residual effect will remain due to the finite, nonzero discharge time of .
The circuit shown in Fig. 2 has some drawbacks: 1) It is sensitive to the offset voltage of the opamp and the comparator and the delay time of the oscillation loop. 2) It is sensitive to the values of the current and the capacitor .
3) It is sensitive to the drift of the excitation signal . As presented in [4] , the three-signal auto-calibration technique will eliminate the effect of those multiplicative and additive errors and parameters, which are constant during the three measurements. To implement the three-signal auto-calibration technique, in addition to the measurement of capacitor , two other measurements for and the offset are performed. In the circuit, this is realized by controlling the switches , , and [see Fig. 4(a) ]. All three voltage-sources , and are derived from the comparator output using the counter and frequency divider in the switch control unit.
As an example, suppose that the value of capacitor has to be converted into the time domain. Fig. 4(b) shows some relevant signal levels and control signals in the interface circuit.
In one complete cycle for the measurement of capacitor , four measurements are included, which have a chopping sequence of , . The application of such chopping technique eliminates the offset effect of the interface and the effect of any other low-frequency signals.
The use of measurement ensures a proper sample-and-hold action of the oscillator. The use of measurement ensures a linear range of the oscillator [7] , [8] .
As that presented in [8] , the periods of the output signal of the oscillator , and , corresponding to the measurement of , and ( and ), are given by the equations (4) where is the modulus of the value of the excitation signal . and are the peak-to-peak values of the voltage excitations and for the capacitors and , respectively.
Then, the measured results for the capacitor's value are found by the equation (5) This result does not depend on the unknown offset and the unknown transfer factor of the interface. In this way, the interface is auto-calibrated for additive or multiplicative errors. Even in the case of slow variations of the offset and transfer factor, these effects are eliminated. The algorithm can be implemented using, for instance, a microcontroller.
III. EXPERIMENTAL RESULTS
A prototype based on the circuit shown in Fig. 4 has been built. The switches are implemented with a simple quad bilateral switch (CD4066). The relaxation oscillator is implemented using an opamp (OPA2350), a comparator (MAX987) and some extra components. The logic control circuit is implemented with some simple gates. The frequency of the oscillator is between 7 kHz and 16 kHz, depending on the sensor signals. A microcontroller of the type INTEL D87C51AF, which has a counting frequency of 3 MHz, is employed to measure the output period of the interface, to process the measured data and to communicate with the outside digital world. The system is powered with a single 5-V supply voltage.
The standard deviation and the relative accuracy of the interface have been measured for the case that pF and S S with a measurement time of about 100 ms. The measurement time amounts to ( ), which can be changed by changing the period number . Fig. 5 shows the measured standard deviation and relative error of the interface as a function of the shunting conductance.
It is shown that the measured standard deviation amounts to 0.01% and the error is less than 0.44 for a shunting con- ductance up to 1 S. This figure shows a rapid increase of the relative error for high values of the shunting conductance. This is due to the fact that the transition time from the charge cycle to discharge cycle is not infinitesimal, which results in a small amount of charge loss.
The standard deviation of the interface originates mainly from two parts [7] : the oscillator noise which is inversely proportional to the square root of the measurement time and the quantization noise caused by sampling in the microcontroller, which is inversely proportional to the measurement time. For short measurement times, the quantization noise is dominant.
For large values of the sensor capacitance, the linearity is limited by the nonidealities of the integrator opamp. Especially, the finite dc gain and limited bandwidth of the opamp will cause nonlinearity, which is proportional to . For example, when the dc gain and bandwidth of the opamp are 120 dB and 38 MHz, the oscillator frequency is 100 kHz and pF, the nonlinearity amounts to 0.26%. 
IV. CONCLUSION
In this paper, a novel interface circuit for the capacitive sensors has been designed based on a first-order charge-balanced SC-oscillator. The effect of the shunting conductance is strongly reduced by reducing the voltage across the capacitor during its discharge. The three-signal auto-calibration and the advanced chopping techniques ensure the accuracy and reliability of the interface. The proposed capacitive-sensor interface is very suitable for implementation in low-cost CMOS technology.
